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where xis 0to 3; Xis S, O, or NR"”; Lis H, |, Br, Cl, OC
(O)CF3, or B(OR™), where R™ is H, methyl, ethyl or the
two R™ groups are combined as terminal ends of an
ethylene or propylene unit; and R is independently H,
-(CH,),-YC(O)R’, -(CH,),-C(O)YR’, -(CH,) ,-O-(CH,), -
YC(O)R’, -(CH,),-O-(CH,),C(O)YR’, -(CH,),,-OCH,
(CH3),[(CH,),, YC(O)R T35, OF  ~(CHp)y-OCH,(CHy),1
(CH,),,C(O)YRl3,, where at least two R groups are
~(CHp)-YC(O)R', -(CH)y-C(O)YR', «(CHy)y-O-(CHy), -
YC(O)R’, -(CH,),-O-(CH,),C(O)YR’, -(CH,),,-OCH,
(CH3)y[(CHy),, YC(O)R]3,, or -(CH,),-OCH,(CHa),[
(CH5),C(O)YR]3,; mis1t08;yis0to2;zis0to 2; y+z
isOto2;wis1to8;vis2t08;YisO, S,or NR", R isa
straight chained, branched chain, cyclic or substituted
cyclic alkyl group of 1 to 12 carbons, R"is a straight

chained, branched chain, cyclic or substituted cyclic alkyl
group of 1 to 6 carbons, and R"™ is H, straight chained,
branched chain, cyclic or substituted cyclic alkyl group
of 1to 12 carbons, aryl, benzyl, alkylaryl, CH,C(O)OR™,
or CH,OC(O)R™ where R™ is H, straight chained,
branched chain, cyclic or substituted cyclic alkyl group
of 1 to 12 carbons, aryl, benzyl, or alkylaryl.
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Description
FIELD OF THE INVENTION
[0001] The invention is directed to methods of forming poly alkylencdioxyheterocyclics and resulting compositions.
BACKGROUND OF THE INVENTION

[0002] Conducting polymers have generated great interest because of their moderate mobilities and ability to change
optical properties reversibly. Commercial products from conducting polymers are potentially cost effective, more easily
processed, lighter in weight, and more flexible, than products fabricated from alternate material in existing technologies.
A class of conducting polymers, polyheterocyclics, which include polythiophenes, polypyrroles, and polyfurans, are a
well known class of conducting polymers. More specifically, the conducting polymers, poly(3,4-alkylenedioxyheterocy-
clics) have been extensively studied in electrochromic devices, photovoltaic devices, transparent conductors, antistatic
coatings, and as the hole transport layer in light emitting diodes. The 3,4-alkylenedioxy bridge on the heterocycle allows
a modified polyheterocycle where the bridge does not cause an undesirable conformational change in the backbone of
the polymer and the electron donating effect of the oxygen substituents increases the HOMO of the conjugated polymer
reducing its band gap.

[0003] A drawback to the processing of unsubstituted poly(3,4-alkylenedioxyheterocyclics) for example poly(3,4-eth-
ylenedioxythiophene), or poly(3,4-alkylenedioxyheterocyclics) that have small or highly polar substituents, results from
their poor solubility. However, the poor solubility is a desirable feature after processing of the conducting polymer in
many of the applications of the manufactured devices containing these conducting polymers. Processing methods that
render a soluble film insoluble are useful in multilayer device architectures, such as organic light emitting diodes and
photovoltaic cells. The processing of poly(3,4-alkylenedioxythiophenes) has relied mostly on depositing an aqueous
dispersion of the oxidized form of alkylenedioxythiophenes in the presence of polymer electrolytes, such as poly(3,4-
ethylenedioxythiophene)-polystyrene sulfonate. However, the acidic nature of the polystyrene sulfonate polyelectrolyte
has adverse effects on device quality.

[0004] The solubility of poly(3,4-alkylenedioxythiophenes) can be enhanced by the presence of substituents that
interact with a desired solvent. For example, substitution of poly(3,4-ethylenedioxythiophene) on the ethylene bridge
with long alkyl side chains solublizes the polymer without a significant increase of the band gap relative to the unsubstituted
polymer. A recent approach for processing polythiophenes is to deposit a soluble polythiophene, due to the presence
of an appropriate substituent, on a device substrate followed by the rendering of the polythiophene into a insoluble state
by removal of the substituent. Although this approach is inherently desirable, the manners in which it has been achieved
have some drawbacks. Efficient cost effective methods of converting a soluble poly(3,4-alkylenedioxyheterocycle) to an
insoluble poly(3,4-alkylenedioxyheterocycle) remain desirable to facilitate the fabrication of devices that use these con-
ducting polymers.

[0005] Holderoft et. al. (Chemistry of Materials 2002, 14, 3705) discloses substituent cleavage in copolymers of diox-
ythiophenes to change a soluble alternating copolymer film into an insoluble film. Tetrahydropyranyl groups are used to
protect alcohol functionalities on a 11-hydroxyundecyl substituted thiophene repeating unit which alternates with a
ethylenedioxythiophene repeating unit. The tetrahydropyranyl groups cleave by the use of an acid catalyst upon heating
130 °C or greater. Subsequent washing of the polymer film with chloroform removes the untreated polymer leaving the
deprotected alcohol substituted polymer in place. A disadvantages of this method for many applications is the use of a
copolymer where the electron rich dioxythiophene repeating unit is diluted with a thiophene repeating unit as this reduces
the quality of the electrooptical properties from that of a poly(alkylenedioxythiophene) homopolymer. Another disadvan-
tage of this method is the requirement of high temperatures that can lead to copolymer damage, decreasing the lifetime
of electronic devices fabricated from this copolymer. Furthermore, the addition of an acid can effect the lifetime and
quality of the electronic device.

[0006] Shashidhar et. al. (Synthetic Metals 2004,144, 101.) discloses side group cleavage of a single perflourinated
ester substituted poly(3,4-ethylenedioxythiophene) to increase conductivity. The polymer is synthesized by making a
solution of monomer in oxidizing agent and imidazole and spin casting the solution on a substrate followed by heating
the film to 110 °C. Polymerization in the absence ofimidazole is also disclosed where an insoluble and insulating film
result upon polymerization. Subsequent immersion of the film in imidazole solution cleaves the ester side groups. Dis-
advantages of this method include: the use of a perfluorinated acid equivalent, which considerably raises the cost of the
polymer and processing to include environmental controls; the resulting polymer can not be regular or symmetric, which
can reduce the durability of a polymer relative to a regular or symmetric polymer; and the polymerization is performed
on the substrate rendering the oxidized polymer directly and restricts the use of this approach from many applications
where the neutral polymer rather than the conducting polymer is desired.

[0007] Hence the need remains fora method of converting a soluble poly(3,4-alkylenedioxyheterocycle) to an insoluble
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poly(3,4-alkylonedioxyheterocycle) where an insoluble, unoxidized regular homopolymer is needed at a reasonable cost
and temperature. A desirable method would also fully remove dopants, oxidizing agents, and short oligomeric chains
which can decrease the quality and shorten the lifetime of an electronic device fabricated with the poly(3,4-alkylenedi-
oxyheterocycle).

SUMMARY OF THE INVENTION

[0008] A method for preparing a defunctionalized alkylenedioxyheterocycle polymer or copolymer includes the steps
of providing a polycarboxylic acid derivative functionalized alkylenedioxyheterocycle polymer or copolymer with a degree
of polymerization from 10 to 1,000, the fraction of polycarboxylic acid derivative functionalized alkylenedioxyheterocycle
units is 0.1 to 1.0, and when present one or more co-repeating units are derived from monomers selected from the group
consisting of thiophene, bithiophene, terthiophene, 3-methylthiophene, 3-alkylthiophene (alkyl = C2 to C20), 3-methox-
ythiophene, 3-alkoxythiophene (alkoxy = C2 to C20), 3,4-ethylenedioxythiophene, 3,4-propylenedioxythiophene, 3,4-
butylenedioxythiophene, pyrrole, bipyrrole, 3-methylpyrrole, 3-alkylpyrrole (alkyl = C2 to C20), 3-methoxypyrrole, 3-
alkoxypyrrole(alkoxy = C2 to C20), 3,4-ethylenedioxypyrrole, 3,4-propylenedioxypyrrole, 3,4-butylenedioxypyrrole, N-
methylpyrrole, N-alkylpyrrole (alkyl = C2 to C20), N-methyl-3,4-ethylenedioxypyrrole, N-alkyl-3,4-ethylenedioxypyrrole
(alkyl = C2 to C20), N-methyl-3,4-propylenedioxypyrrole, N-alkyl-3,4-propylenedioxypyrrole (alkyl = C2 to C20), carba-
zole, N-methylcarbazole, and N-alkylcarbazole (alkyl = C2 to C20); and transforming the polycarboxylic acid derivative
functionalized alkylenedioxyheterocycle polymer or copolymer into a defunctionalized alkylenedioxyheterocycle polymer
or copolymer comprising a polyhydroxy, polythiol, polyamino, or polycarboxylic acid functionalized alkylenedioxyhete-
rocycle polymer or copolymer with a degree of polymerization from 10 to 1,000, the fraction of polycarboxylic acid
derivative functionalized alkylenedioxyheterocycle units is 0.1 to 1.0, and when present one or more co-repeating units
are derived from the monomers selected from the group consisting of thiophene, bithiophene, terthiophene, 3-methyl-
thiophene, 3-alkylthiophene (alkyl = C2 to C20), 3-methoxythiophene, 3-alkoxythiophene (alkoxy = C2 to C20), 3,4-
ethylenedioxythiophene, 3,4-propylenedioxythiophene, 3,4-butylenedioxythiophene, pyrrole, bipyrrole, 3-methylpyrrole,
3-alkylpyrrole (alkyl = C2 to C20), 3-methoxypyrrole, 3-alkoxypyrrole(alkoxy = C2 to C20), 3,4-ethylenedioxypyrrole, 3,4-
propylenedioxypyrrole, 3,4-butylenedioxypyrrole, N-methylpyrrole, N-alkylpyrrole (alkyl = C2 to C20), N-mcthyl-3,4-eth-
ylenedioxypyrrole, N-alkyl-3,4-ethylenedioxypyrrole (alkyl = C2 to C20), N-methyl-3,4-propylenedioxypyrrole, N-alkyl-
3,4-propylenedioxypyrrole (alkyl = C2 to C20), carbazole, N-methylcarbazole, and N-alkylcarbazole (alkyl = C2 to C20).
[0009] The polycarboxylic acid derivative functionalized alkylenedioxyheterocycle repeating units of the polymer or

copolymer have the structure:
R R R R
Rlﬂy }x\ga
g

X

where xis 0to 3; Xis S, O, or NR"; and Ris independently H, -(CH,),-YC(O)R’, -(CH,),-C(O)YR’, -(CH,),-O-(CH,),YC
(O)R’,~(CHy)y-0+(CH,),C(O)YR', ~(CHy)y-OCH,(CHy), [(CHy),, YC(O)R I3 5, 0F -(CHy) py"OCH,CH3), [(CHy),, C(O) YR 3.,
where at least two R groups are -(CH,),-YC(O)R’, -(CH,),,-C(O)YR’, -(CH,),-O-(CH,), YC(O)R’, -(CH,),-O-(CH,),C
(O)YR', -(CH3),-OCH,(CH3),[(CH,),, YC(O)R]3 5, 0r-(CHy),,-OCH,(CH3), [(CH5),,C(O)YR]3,; mis 1t0 8,y is 0 to 2; z
isOto2;y+tzisOto2;wis1t08;vis2to8; Yis O, S, or NR", R is a straight chained, branched chain, cyclic or
substituted cyclic alkyl group of 1 to 12 carbons, R" is a straight chained, branched chain, cyclic or substituted cyclic
alkyl group of 1 to 6 carbons, and R" is H, straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1
to 12 carbons, aryl, benzyl,

[0010] The polycarboxylic acid derivative functionalized alkylenedioxyhoterocycle repeating units of the polymer or
copolymer arc preferably: alkylaryl, CH,C(O)OR™, or CH,OC(O)R"" where R™ is H, straight chained, branched chain,
cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, or alkylaryl.
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s

where Ris -(CH,),-YC(O)R’, -(CH,),-C(O)YR’, -(CH,),-O-(CH,), YC(O)R’, -(CH,),,-O-(CH,),C(O)YR’, -(CH,),-OCH,
(CH3)y[(CH,) YC(O)R]3_,, or -CHy),-OCH,(CH3), [(CH3),C(O)YR]3,; mis 110 8;yis 0 to 2; zis 0 to 2; y+zis O to 2;
wis1t08;vis2to8;Yis O, S, or NR", R’ is a straight chained, branched chain, cyclic or substituted cyclic alkyl group
of 1to 12 carbons and R" is a straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 6 carbons.
[0011] The polycarboxylic acid derivative functionalized alkylenedioxyheterocycle polymer or copolymer can be pro-
vided in a solvent, and the solvent can be at least one solvent selected from the group consisting of chloroform, methylene
chloride, ethyl acetate, toluene, and tetrahydrofuran. The method can include a step of removing the solvent to form a
film. The solvent can be removed at a temperature of less than or equal to 100°C and a pressure of 1 atmosphere or less.
[0012] The transforming reaction can be carried out thermally, photochemically, or by the addition of a cleaving reagent
where the cleaving reagent can be water or an alcohol and can include a catalyst such as an alkali metal hydroxide.
When using a cleaving reagent it can be introduced in a second solvent that docs not dissolve the polycarboxylic acid
derivative functionalized alkylenedioxyheterocycle polymer or copolymer and can be water, methanol or ethanol. Once
defunctionalization has occurred, the defunctionalized alkylenedioxyheterocycle polymer or copolymer can be extracted
with a solvent. This polyhydroxy, polythiol, polyamino, or polycarboxylic acid functionalized alkylenedioxyheterocycle
polymer or copolymer can then be heated to a second temperature at a second pressure to remove impurities resulting
from the cleaving step. This second temperature is preferably less than or equal to 100°C at a pressure of one atmosphere
or less.

[0013] The method yields a polymer or copolymer with one or more defunctionalized alkylenedioxyheterocycle re-
peating units of the structure:

where x is 0 to 3; X is S, O, or NR"; and R is independently H, -(CH,),,-Z, -(CH,),-O-(CH,),Z, or -(CH,),,-OCH,[
(CH,)Zl5, where at least two R groups are -(CH,),-Z, -(CH,),,-O-(CH,),Z, or -(CHZ)m-OCHZ(CH3)y[(CH2)WZ]3_y_Z; m
is1to8;yis0to2;zis0to2;y+zis0to2; wis 1t08;vis2to 8, and Zis OH, N-HR’, SH, or C(O)OH; and R" is H,
straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl, CH,C
(O)OH, or CH,OH.

[0014] The method preferably yields a polymer or copolymer with one or more defunctionalized alkylenedioxyhetero-
cycle repeating units that can be:

S

where R is -(CH,),,-Z, -(CH,),-O-(CH,),Z, or -(CH,),-OCH,[(CH,),,Z]5.,; mis 1t0 8; yis 0to 2; zis O to 2; y+zis O to
2;wis1to8;vis2to 8, and Zis OH, NHR’, SH, or C(O)OH.

[0015] A polycarboxylic acid derivative functionalized alkylenedioxyheterocycle polymer or copolymer can be singularly
or in combination polycarboxylic acid derivative functionalized alkylenedioxyheterocycle repeating units of the structure:
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where xis 0to 3; Xis S, O, or NR™; and Ris independently H, -(CH,),-YC(O)R’, -(CH,),-C(O)YR’, -(CH,) ,-O-(CH,),YC
(O)R’, -(CH3),m-O-(CH,),C(O)YR', -(CHy),-OCH,~(CH3),[(CH3) YC(O)R3 5, or -(CHy),-OCH,(CHy),[(CH,),,C(O)
YRl;, where at least two R groups are -(CH,),-YC(O)R’, -(CH,),-C(O)YR’, -(CH,),,-O-(CH,),YC(O)R’,
~(CH2)y-0-(CH,),C(O)YR', (CHy)yy*OCH,(CH3), [(CH,),, YC(O)R I3 4, OF -(CHp);-OCH, (CHg), [(CH),, C(O)YR ., m is
1t08;yis0to2;zis0to2;y+zisOto2;wis1to8;vis2to8;Yis O, S, or NR", R’ is a straight chained, branched
chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, R" is a straight chained, branched chain, cyclic or
substituted cyclic alkyl group of 1 to 6 carbons, and R" is H, straight chained, branched chain, cyclic or substituted cyclic
alkyl group of 1to 12 carbons, aryl, benzyl, or alkylaryl, CH,C(O)OR™", or CH,OC(O)R™ where R"" is H, straight chained,
branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl; and one or more
heterocyclic repeating units derived from the monomers selected from the group consisting of thiophene, bithiophene,
terthiophene, 3-methylthiophene, 3-alkylthiophene (alkyl = C2 to C20), 3-methoxythiophene, 3-alkoxythiophene (alkoxy
=C2t0 C20), 3,4-ethylenedioxythiophene, 3,4-propylenedioxythiophene, 3,4-butylenedioxythiophene, pyrrole, bipyrrole,
3-methylpyrrole, 3-alkylpyrrole (alkyl = C2 to C20), 3-methoxypyrrole, 3-alkoxypyrrole(alkoxy = C2 to C20), 3,4-ethyl-
enedioxypyrrole, 3,4-propylenedioxypyrrole, 3,4-butylenedioxypyrrole, N-methylpyrrole, N-alkylpyrrole (alkyl = C2 to
C20), N-methyl-3,4-ethylenedioxypyrrole, N-alkyl-3,4-ethylenedioxypyrrole (alkyl = C2 to C20), N-methyl-3,4-propylen-
edioxypyrrole, N-alkyl-3,4-propylenedioxypyrrole (alkyl = C2 to C20), carbazolc, N-methylcarbazole, and N-alkylcarba-
zole (alkyl = C2 to C20), where the degree of polymerization of the copolymer is 10 to 1,000 and the fraction of polycar-
boxylic acid derivative functionalized alkylenedioxyheterocycle repeating units is 0.1 to 1.0.

[0016] The polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle) can be

where nis 10 to 1,000.
[0017] The polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle)
can be

g 18]

£

0 Q

5

where nis 10 to 1,000.
[0018] The polycarboxylic acid derivative functionalized poly(akylenedioxyheterocycle) can be
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19 0

/\/\/’ko o/k/\/\
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O O

where n is 10 to 1,000.
[0019] The polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle) comprises

0 0

where nis 10 to 1,000.

[0020] A polyhydroxy, polythiol, polyamino, or polycarboxylic acid functionalized alkylenedioxyheterocycle polymer or
copolymer can be singularly or in combination polyhydroxy, polythiol, polyamino, or polycarboxylic acid functionalized
alkylenedioxyheterocycle repeating units of the structure:

R R R R

R%’X‘x\éa
0
Ny

where x is 0 to 3; X is S, O, or NR"™; and R is independently H, -(CH,),,-Z, -(CH,),-O-(CH,),Z, or-(CH,),-OCH,[
(CH2)wZl3., where at least two R groups are -CH,),-Z, -(CH,),-O-(CH,),Z, or -(CHy),,-OCH,(CHg),[(CHp), Zl3.y 7 m
is1t08;yis0to2;zis0to2;y+zis0to2;wis 1to8;vis2to 8, and Zis OH, NHR’, SH, or C(O)OH; and R" is H,
straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl, CH,C
(O)OH, or CH,OH and one or more heterocyclic repeating units derived from the monomers selected from the group
consisting of thiophene, bithiophcnc, terthiophene, 3-methylthiophene, 3-alkylthiophcnc (alkyl = C2 to C20), 3-methox-
ythiophene, 3-alkoxythiophene (alkoxy= C2 to C20), 3,4-ethylenedioxythiophene, 3,4-propylenedioxythiophene, 3,4-
butylenedioxythiophene, pyrrole, bipyrrole, 3-methylpyrrole, 3-alkylpyrrole (alkyl = C2 to C20), 3-methoxypyrrole, 3-
alkoxypyrrole(alkoxy = C2 to C20), 3,4-ethylenedioxypyrrole, 3,4-propylenedioxypyrrole, 3,4-butylenedioxypyrrole, N-
methylpyrrole, N-alkylpyrrole (alkyl = C2 to C20), N-methyl-3,4-ethylenedioxypyrrole, N-alkyl-3,4-ethylenedioxypyrrole
(alkyl = C2 to C20), N-methyl-3,4-propylenedioxypyrrole, N-alkyl-3,4-propylenedioxypyrrole (alkyl = C2 to C20), carba-
zole, N-methylcarbazole, and N-alkylcarbazole (alkyl = C2 to C20), where the degree of polymerization of the copolymer
is 10 to 1,000 and the fraction of polycarboxylic acid derivative functionalized alkylenedioxyheterocycle repeating units
is 0.1 to 1.0.

[0021] A functionalized alkylenedioxyheterocycle polymer can be
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OH OH

A S

]

where n is 10 to 1,000.
[0022] The functionalized alkylenedioxyheterocycle polymer can be

H O/\/\ o O/V\\OH

where nis 10 to 1,000.
[0023] The functionalized alkylenedioxyheterocycle polymer can be

H >{‘OH
Q o
S

where nis 10 to 1,000.
[0024] The functionalized alkylenedioxyheterocycle polymer can be

where n is 10 to 1,000.

[0025] A monomer for the preparation of polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle)

can have the structure:



10

15

20

25

30

35

40

45

50

55

EP 2 402 955 A1

where xis 0 to 3; X'is S, O, or NR"; L is H, |, Br, Cl, OC(O)CF3, or B(OR™"), where R"" is H, methyl, ethyl or the two
R™ groups are combined as terminal ends of an ethylene or propylene unit; and R is independently H, -(CH,),-YC(O)
R’,~(CHp)-C(O)YR’, (CHy)yy-0-(CHy), YC(O)R', -(CHy)y-0-(CH,),C(O)YR', -(CHyp) i -OCH,(CH3), [(CHy),, YC(O)R T3 .
or «(CHy)m-OCH,(CH3),[(CH,),,C(O)YR3, where at least two R groups arc -(CH,),,-YC(O)R', -(CH,),,-C(O)YR',
~(CHp)y-O~(CH,), YC(O)R', ~(CHy)y-O~(CH,),C(O)YR', ~(CHy)yy-OCH,(CH3),[(CHy), YC(O)R Tz, 0r-(CHy),-OCH,
(CH3),[(CH,),,C(O)YR]3,; mis 1t08;yis0to 2;zis 0to 2; y+zisOto 2, wis 1to 8; vis 2t0 8; Yis 0, S, orNR", R’ is
a straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, R" is a straight chained,
branched chain, cyclic or substituted cyclic alkyl group of 1 to 6 carbons, and R™ is H, straight chained, branched chain,
cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl, CH,C(O)OR™", or CH,OC(O)R™ where
R™ is H, straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, or
alkylaryl.

BRIEF DESCRIPTION OF THE FIGURES

[0026] There arc shown in the drawings, embodiments which arc presently preferred, it being understood, however,
that the invention is not limited to the precise arrangements and instrumentalitics shown.

[0027] Fig. 1 shows the synthesis of ester substituted ProDOTs by substitution of ProDOT(CH,Br), with carboxylic
acids and ProDOT(CH,OH), by saponification of ProDOT(CH,OC(O)Et)s.

[0028] Fig. 2 shows the synthesis of ProDOT(CH,OC3;HzOC(O)CgH 1), by a Williamson etherification followed by
acylation.

[0029] Fig. 3 shows the synthesis of ProDOT(CH,OCH,C(CH3)(CH,OC(O)CsH44)5), by a Williamson etherification
followed by acylation.

[0030] Fig. 4 shows the synthesis of ester substituted PProDOTSs by oxidative polymerization.

[0031] Fig. 5is the 'TH NMR spectra of ProDOT(CH,0C3Hz;OC(O)CsH44), and PProDOT(CH,0C3HgOC(O)CsH 1),
[0032] Fig. 6 is the UV-vis absorbancc and fluorescence emission spectra of PPrODOT(CH,OC(O)CgH43)s.

[0033] Fig. 7 is the UV-vis spectroscopy of ProDOT(CH,OCH,C(CH3)(CH,OC(O)CsH44),), to PPrODOT(CH,OCH,C
(CH3)(CH,0H),), and their characterization by UV-vis spectroscopy.

[0034] Fig. 8 is the IR spectra of (ProDOT and PProDOT esters) and (ProDOT and PProDOT alcohols)

[0035] Fig. 9 shows the cyclic voltammetry and luminance via colorimetry characterization of a film of PProDOT
(CH,0H), in 0.1 M TBA-PF4/PC.

[0036] Fig. 10 shows the characterization of PProDOT(CH,0C(O)CgH43), and PProDOT(CH,OH), spectroelectro-
chemically at various potentials vs Fc/Fc*.

[0037] Fig. 11 shows the characterization of an ITO/PProDOT(CH,OCH,C(CH3)(CH,0H),),/MEH-PPV/Ca/Al device
by luminance, current density and percent quantum efficiency vs voltage.

[0038] Fig. 12 shows the synthesis of ProDOT(CH,CO,C45H55)5.

[0039] Fig. 13 shows the characterization of PProDOT(CH,CO,C,,H,s5), (top) and PProDOT(CH,CO,H), (bottom)
spectroelectrochemically at various potentials vs Fc/Fc*.

DETAILED DESCRIPTION OF THE INVENTION

[0040] A method to form insoluble poly(akylenedioxyheterocycle) films is described herein. The methods involve
preparation of a polymer containing polycarboxylic acid derivative functionalized alkylenedioxyheterocycle repeating
units of sufficient solubility in common organic solvents such that the polymer solution can be spray, spin, or drop cast
from solution to form a thin film of 25 to 5,000 nm in thickness. The polycarboxylic acid derivative functionalized alkylen-
edioxyheterocycle polymer film is rendered insoluble by submersion in a solution of a complimentary reactantin a second
solvent that is not a solvent for the polymer films, and, optionally, heated to temperatures below the boiling point of the
solvent until a film that is insoluble in the first solvent and in virtually all solvents results upon reaction of the carboxylic
acid derivative to yield polyhydroxy, polythiol, polyamino, or polycarboxylic acid functionalized (alkylenedioxyheterocycle)
repeating units in the polymer. The second solvent can be the complimentary reactant. The final polyhydroxy, polythiol,
polyamino, or polycarboxylic acid functionalized poly(alkylenedioxyheterocycle) film is then, optionally, cooled, washed
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with the solvent of the complimentary reactant solution or another solvent, and dried under vacuum at temperatures
below 100 °C. In general it is preferred to carry out this method at temperatures of 100 °C or below and pressures of 1
atmosphere or below, however one of ordinary skill in the art can identify processing conditions that can be of greater
temperature and pressures where the repeating units, solvents substrates and other components can tolerate higher
temperatures and pressures and other conditions of the formation of the films would encourage the use of these conditions.
This method allows for the isolation of a film in the neutral form of the polyhydroxy, polythiol, polyamino, or polycarboxylic
acid functionalized alkylenedioxyheterocycle polymer.

[0041] The polymer containing polycarboxylic acid derivative functionalized alkylenedioxyheterocycle repeating units
used in the inventive method can also be a copolymer of two or more polycarboxylic acid derivative functionalized
alkylenedioxyheterocycl monomers and copolymers with other copolymerizable heterocyclic monomers. Among the
heterocyclic monomers that can be use to prepare these copolymers are thiophene, bithiophene, terthiophene, 3-meth-
ylthiophene, 3-alkylthiophene (alkyl = C2 to C20), 3-methoxythiophene, 3-alkoxythiophene (alkoxy = C2 to C20), 3,4-
ethylenedioxythiophene, 3,4-propylenedioxythiophene, 3,4-butylenedioxythiophene, pyrrole, bipyrrole, 3-methylpyrrole,
3-alkylpyrrole (alkyl = C2 to C20), 3-mcthoxypyrrole, 3-alkoxypyrrole(alkoxy= C2 to C20), 3,4-ethylenedioxypyrrole, 3,4-
propylenedioxypyrrole, 3,4-butylenedioxypyrrole, N-methylpyrrole, N-alkylpyrrole (alkyl = C2 to C20), N-methyl-3,4-eth-
ylenedioxypyrrole, N-alkyl-3,4-ethylenedioxypyrrole (alkyl = C2 to C20), N-methyl-3,4-propylenedioxypyrrole, N-alkyl-
3,4-propylenedioxypyrrole (alkyl = C2 to C20), carbazole, N-methylcarbazole, and N-alkylcarbazole (alkyl = C2 to C20).
One of ordinary skill can recognize which of the monomers from this group can be copolymerized with any individual or
combination of the polycarboxylic acid derivative functionalized alkylenedioxyheterocycle monomers of the invention.
One of ordinary skill can identify other known heterocyclic monomers that can be copolymerized with the inventive
polycarboxylic acid derivative functionalized alkylenedioxyheterocycle monomers.

[0042] Novel polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle)s homopolymers have the
general structure:

O

wherein nis 10 to 1,000; x is 0 to 3; X is S, O, or NR™; and R is independently H, -(CH,),-YC(O)R’, -(CH,),-C(O)YR’,
~(CHp)-O-(CH), YC(O)R', ~(CHy)yyO-(CH,),C(O)YR' - (CHy)y-OCH,(CHy), [(CH2) YC(O)R T35, OF +(CHy)y-OCH,
(CH3),[(CH,),,C(O)YR]5., where at least two R groups are -(CH,),,-YC(O)R’, -(CH,),,-C(O)YR', -(CH,),-O-(CH,),YC
(O)R’, ~(CHy)y"O~(CH,),C(O)YR', ~(CHp)y-OCH,(CH3),[(CH,), YC(O)R T3, OF ~(CHy)y"OCH,(CHg),[(CH,),,C(O)
YR]3,;mis1t08;yis0to2;zis0to2;y+zisO0to2;wis1to8;vis2to 8; Y is O, S, or NR", R’ is a straight chained,
branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, R" is a straight chained, branched chain,
cyclic or substituted cyclic alkyl group of 1 to 6 carbons, and R" is H, straight chained, branched chain, cyclic or substituted
cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl, CH,C(O)OR™, or CH,O(C)R™ where R™ is H, straight
chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, or alkylaryl. The desired
solubility in organic solvents is achieved when at least two substituents, R, are not hydrogens but the substituents contain
a carboxylic acid derivative. These novel polymers are prepared from the corresponding novel monomers where the
bonds between repeating units of the polymers are replaced by bonds to hydrogen atoms in the monomers. Synthetic
routes to these monomers and polymers are given by specific examples below.

[0043] After forming a film of the polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle) the pol-
ymer can be converted into a polyhydroxy, polyamino, or polycarboxylic acid functionalized poly(alkylenedioxyhetero-
cycle) of the complementary structure given by the formula (I) above wherein nis 10 to 1,000; x is 0 to 3; X is S, O, or
NR™; and R is independently H, -(CH,),-Z, -CHy),-O-(CH,),Z, or -(CH,),-OCH,(CH,),,Z]3., where at least two R
groups are -(CHy),-Z, -(CH,),-O-(CHy),Z, or -(CHy),,-OCH,(CH3),[(CH,)yZ]3 s mis 1t0 8;y is 0 to 2; zis O to 2; y+z
isOto2;wis1to8;vis2to8,and Zis OH, NHR’, SH, or C(O)OH; and R™ is H, straight chained, branched chain, cyclic
or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl, CH,C(O)OH R™ or CH,OH. The conversion
can be carried out with an acid or base depending upon the functionality to be cleaved. The solvent for the acid or base
can be water, methanol, ethanol, other organic solvents or mixtures thereof, such that the starting polycarboxylic acid
derivative functionalized poly(alkylenedioxythiophene) film and final polyhydroxy, polythiol, polyamino, or polycarboxylic
acid functionalized poly(alkylenedioxyheterocycle) film is insoluble. When the polycarboxylic acid derivative functional-

ized poly(alkylenedioxyheterocycle) is substituted with an R group of -(CH,),-O-(CH,),C(O)YR', -(CH,),-OCH,CHa), [
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(CH5),YC(O)R15_,, or -(CHz)m-OCHZ(CH3)y[(CH2)WC(O)YR’]3_Z, Y is O, and R’ has the branched alkyl structure -C
(CH3),R™ where R™ is a straight chain alkyl chain with 1 to 9 carbons, the ester is susceptible to cleavage upon
thermolysis with the formation of the carboxylic acid and an alkene.

[0044] A preferred polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle) is a multi-ester func-
tionalized poly(propylenedioxythiophene) of the structure:

R R

g

S

wherein n is 10 to 1,000; R is independently-(CH,),,-OC(O)R’, -(CH,),,-C(O)OR, -CH,),-O-(CH,),OC(O)R’, or
~(CH3)m-OCH,(CH3),[(CH,),,OC(O)RT3.,; mis 1t0 8;yis 0to 2; zis O to 2; y+zis O to 2; wis 1to 8; vis 2to 8; and R’
is a straight chained or branched alkyl group of 1 to 12 carbons. Saponification of these multi-ester functionalized poly
(propylenedioxythiophene)s yield polyhydroxy functionalized poly(propylenedioxythiophene)s or polycarboxylic acid
functionalized poly(propylenedioxythiophene)s of the complementary structure given by the formula above wherein n is
10 to 100; R is independently -(CHy),-OH, -(CH,),-C(O)OH, -(CHj)n,-O-(CH,),OH, or -(CH,)n,,-OCH,(CHs),[
(CH5)OH]3,; mis1t08;yis0to 2;zis0to 2; y+zis 0 to 2; wis 1 to 8 and v is 2 to 8. Variations of the values of m,
v, and w, changing the size of the alkyl portion of the ester group, R’, and varying the number of ester groups, 3-y-z per
substituent, permits the variation in solubility and other properties of the polymers. The symmetry of the regioregular
polyhydroxy functionalized poly(propylenedioxythiophene) or polycarboxylic acid functionalized poly(propylenedioxythi-
ophene) is believed to contribute to the desired properties of the insoluble film.

[0045] The polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle)s and all copolymers can be
prepared by the polymerization of novel heterocyclic monomers that can be polymerized by any available polymerization
technique including any catalytic, electrolytic, thermolytic, or other chemically induced method. By using the appropriate
known polymerization methods, monomers can have any of the following structure:

[0046] where xis 0to 3; Xis S, O, or NR™; Lis H, I, Br, Cl, OC(O)CF3, or B(OR™""), where R"" is H, methyl, ethyl or
the two R™ groups are combined as terminal ends of an ethylene or propylene unit; and R is independently H, -(CH,) -
YC(O)R', -(CHy)-C(O) YR, -(CHy)y-0-(CH,),YC(O)R', ~(CHy)yO(CH3), C(O)YR', (CHy)y-OCH, (CHa), [(CH,),, YC(O)
R'l3.2, or -(CHy),-OCH,(CHg), [(CH,),,C(O) YRI5, where atleast two R groups are -(CH,),,-YC(O)R', -(CH,),-C(O)YR',
~(CH2)-O~(CH,), YC(O)R', ~(CHy)yy-O-(CHR),C(O)YR', ~(CHp);y-OCH,(CHz),[(CH,),, YC(O)R 5.5, OF ~(CHy)-OCH,
(CH3)y[(CH2)WC(O)YR‘]3_Z; mis1t08;yis0to2;zis0to2;y+zis0to2;wis1t0o8;vis2t08;YisO, S, or NR", R’
is a straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, R" is a straight chained,
branched chain, cyclic or substituted cyclic alkyl group of 1 to 6 carbons, and R"™ is H, straight chained, branched chain,
cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl, CH,C(O)OR™", or CH,OC(O)R™ where
R™ is H, straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, or
alkylaryl.

[0047] The polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle)s can be a copolymer of two
or more monomers that yield the functionalized (alkylenedioxyheterocycle) repeating units described above. It can also
be a copolymer of one or more monomers that yield the functionalized (alkylenedioxyheterocycle) repeating units de-
scribed above and one or more heterocyclic monomers. Among the monomers that can be used to prepare these
copolymers are thiophene, bithiophene, terthiophene, 3-methylthiophene, 3-alkylthiophene (alkyl = C2 to C20), 3-meth-
oxythiophene, 3-alkoxythiophene (alkoxy = C2 to C20), 3,4-ethylenedioxythiophene, 3,4-propylenedioxythiophene, 3,4-
butylenedioxythiophene, pyrrole, bipyrrole, 3-methylpyrrole, 3-alkylpyrrole (alkyl = C2 to C20), 3-methoxypyrrole, 3-
alkoxypyrrole(alkoxy = C2 to C20), 3,4-ethylenedioxypyrrole, 3,4-propylenedioxypyrrole, 3,4-butylenedioxypyrrole, N-
methylpyrrole, N-alkylpyrrole (alkyl = C2 to C20), N-methyl-3,4-ethylenedioxypyrrole, N-alkyl-3,4-ethylenedioxypyrrole
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(alkyl = C2 to C20), N-methyl-3,4-propylenedioxypyrrole, N-alkyl-3,4-propylenedioxypyrrole (alkyl = C2 to C20), carba-
zole, N-methylcarbazole, and N-alkylcarbazole (alkyl = C2 to C20). One skilled in the art can readily identify other
monomers which can be copolymerized in the practice of this invention with at least one of the above described poly-
carboxylic acid derivative functionalized (alkylenedioxyheterocycle)s. The proportion of the polycarboxylic acid derivative
functionalized (alkylenedioxyheterocycle) monomers in these copolymer can range from more than 99 percent to about
20 or even 10 percent depending upon the length and the polarity, branching, and other features of the solubilizing
polycarboxylic acid derivative side chain.

[0048] The invention is expected to have application for uses as: hole transport layers in organic light emitting diodes;
active electrochrome in electrochromic windows, mirrors and displays; field effect transistors, supercapacitors, batteries,
photovoltaic cells, and other electronic components; electronic paper; anti-stat conductors; and transparent conductors.
Features of preparing compounds, practicing the method, and characterizing the polymers for some embodiments of
the invention are presented in non-limiting examples and are provided for illustration purposes and do not encompass
the entire scope of the invention.

Example 1

[0049] Ester derivatized 3,4-propylenedioxythiophenes (ProDOTs) were synthesized by substitution of 3,3-Bis(bro-
momethyl)-3,4-dihydro-2 H-thieno[3,4-b][1,4]dioxepine (ProDOT(CH,Br),) with carboxylic acids using K,CO5 as shown
in Fig. 1. This reaction produces esters that can be hydrolyzed to afford 3,3-Bis(hydroxymethyl)-3,4-dihydro-2H thieno
[3,4-b][1,4]dioxepine (ProDOT(CH,Br),) (ProDOT(CH-,OH),) in good yield. ProDOT(CH,OH), may be a versatile build-
ing block toward new ProDOT structures and may improve overall yields of compounds synthesized by the Williamson
etherification of ProDOT(CH,Br),.

Example 2

[0050] A second method used to synthesize ester substituted ProDOTSs starts with the synthesis of alcohols from
ProDOT(CH,Br), followed by acylation. ProDOT(CH,OC5;HgOH), 3,3-Bis(3-hydroxypropoxymethyl)-3,4-dihydro-
2H-thieno[3,4-b][1,4]dioxcpine was synthesized by first making an 10 equivalent alkoxy solution of 1,3-propancdiol by
adding 0.25 cq of sodium to the diol. Then a 1.5 M ProDOT(CH,Br), solution in DMF was added as illustrated in Fig. 2.
This minimum amount of DMF is required for the reaction to work as early attempts without it failed. The 10 equivalent
excess of 1,3-propanediol alkoxide ensured the formation of the diol over the formation of the eight-membered ring. The
addition of 0.25 equivalents of sodium with respect to the diol likely leads to a high concentration of monoalkoxide and
little formation of the dialkoxide. The reaction was complete in 48 hours as determined by TLC and the diol was purified
by column chromatography. Hexanoic acid acyl chloride (4 equivalents) was added to a ProDOT(CH,OC3;HgOH) solution
in methylene chloride and triethylamine. After 1 hour, the reaction was complete, and after work up, the yellow oil was
purified by column chromatography to afford ProDOT(CH,0C3HgOC(O)CgH15),, 3,3-Bis(3-heptanoyloxypropoxyme-
thyl)-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine, as a clear oil.

Example 3

[0051] ProDOT(CH,OCH,C(CH5)(CH,0OH),) was synthesized using a similar methodology as shown in Fig. 3. The
alcohol, 2-hydroxymethyl-2-methylpropane-1,3-diol, was dissolved in a minimum amount of DMF. Sodium (0.25 eq) was
then added and heated to 100 °C for 1 hour to dissolve. A 1.5 M solution of ProDOT(CH,Br), in DMF was then added
and heated overnight. After 24 hours, the starting material was completely converted, as seen by TLC. Water was added
to the reaction flask and the product was extracted five times, monitoring the existence of the product by observing the
ultraviolet absorbance of the extract on TLC plates. After five extractions, the UV absorbance of the methylene chloride
was minimal. ProDOT(CH,OCH,C(CH3)(CH,0OH),) was purified to afford a clear oil and subjected to 6 equivalents of
hexanoic acid acyl chloride, and after 1 hour, the reaction was complete.

Example 4

[0052] Ester substituted PProDOTSs were synthesized by oxidative polymerization using FeCl; as shown in Fig. 4. The
reaction was performed by adding an FeCl;/NO,Me solution to a monomer/CHCI; solution turning the color from clear
to green to black during addition. The reaction was run at room temperature and for only 1 hour to minimize hydrolysis
of the esters in the acidic environment. Hydrazine reduced the polymer, immediately turning the color from black to bright
fluorescent red. The photoluminescence quantum efficiencies of toluene of the oligoether and ester polymers are listed
in Table 1. Chloroform was then added and the red solution was washed with 1 M HCI to remove the oxidizing agent.
The solvent was removed and the resulting purple solid was redissolved in chloroform and precipitated in methanol.
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Filtration afforded the pure polymer, which was soluble in common solvents such as toluene and THF as well as ethyl
acetate.

Table 1 Peaks taken from the absorbance and photoluminescence spectra and quantum efficiencies of polymer
solutions in toluene.

Mabsorbance) Mn) dn

PProDOT(CH,OC(O) 535 604,656 0.24
CeH13)2
PProDOT(CH,0C3Hg,0C 538 602, 602 0.30
(0)CgH11)2
ProDOT(CH,OCH,C 531 595,645 0.32
(CH53)(CH,OC(O)
CsH11)2)2

Example 6

[0053] The proton NMR spectra of ProDOT(CH,OC3;H;OC(O)CsH4), and ProDOT(CH,OC4;Hz;OC(O)CgH,4), arc
shown in Fig. 5. Again, the major difference between the monomer and polymer is the absence of the thicnyl proton
signal (a) and the broadening of the peaks in the polymer spectrum. The protons on the ProDOT bridge (b) arc deshielded
in the polymer compared to the monomer by 0.15 ppm and the signal overlaps with the methylene protons attached to
the ester oxygen (f). The alkoxy methylene protons (c and d) at 3.50 ppm overlap with one another in both the polymer
and monomer and a shoulder exists in the polymer spectrum at 3.6 ppm, indicative of a down-field shift of the methylene
protons next to the propylene ring (c). The methylene protons at 2.3, 1.9, 1.6, 1.3, and 0.9 ppm (g, €, h, i, j respectively)
give splitting patterns as expected in the monomer spectrum, which fall at the same frequency for the polymer, but do
not resolve. The up-field shift is most apparent for protons closest to the polymer backbone. A peak corresponding to
water from dueterated chloroform falls at 1.5 ppm, close to the multiplet from the methylene protons (e).

Example 7
[0054] Molecular weights of all polymers synthesized were estimated by GPC vs polystyrene standards and are listed
in Table 2. The values of the number average degree of polymerization (X,) falling between 13 and 30 rings. The

polydispersities were all lower than 2 after purification by precipitation, with all having similar PDI values.

Table 2 GPC molecular weight (g/mol) estimation of oligoesters substituted PProDOTs.

M, My X, PDI
PProDOT(CH,0C(0)CsH,1), 9,000 13,300 20 15
PProDOT(CH,0C3HgOC(0)CsHy ), 12,300 19,300 24 1.6
ProDOT(CH,OCH,C(CH3)(CH,0C(0)CsH11)s), 10,900 16,500 13 15

Example 8

[0055] Thermogravimetric analysis of all polymers were performed scanning from 50 °C to 800 °C at 20 °C/minute.
No evidence of degradation was observed below 150 °C in all cases. An onset of weight loss exists between 29 °C and
320 °C. The ester substituents did not thermally cleave, but rather the polymer degraded continuously. DSC scans from
-150 to 100 °C at 10 °C/min were absent of transitions for the oligoether substituted PProDOTs.

Example 9

[0056] Solution absorbance and fluorescence spectroscopy was performed on polymers in toluene. The ester substi-
tuted PProDOTs show only one unresolved peak in the absorbance spectrum and two peaks in the photoluminescence
spectrum, as seen for PProDOT(CH,O0C(O)CgH13), in Fig. 6. The peaks as well as the quantum efficiencies are listed
in Table 3. The fine structure in the photoluminescence spectrum is due to vibronic coupling, while the absorbance peaks
are less understood. The quantum efficiencies were lower (25-30%) in general in comparison to the polymers synthesized
by Grignard metathesis (30-50%), possibly due to different solubilities in toluene or fluorescence quenching by iron
impurities. The ester substituted PProDOT(CH,OC(O)CsH44), exhibitited quantum efficiencies of 0.22-0.24. The bulkier
PProDOT(CH,0C3HgOC(0O)CsH44), and PProDOT(CH,OCH,C(CH3)(CH,OC(O)CxsH4),), exhibited higher quantum
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efficiencies, likely due to less aggregation of the polymer chain. PProDOT(CH,OCH,C(CH3)(CH,OC(O)CgH44),), so-
lutions were red-orange, a 5-10 nm blue shift of the A, in comparison to the other polymers, which are bright red.

Table 3 Peaks taken from the absorbance and photoluminescence spectra and quantum efficiencies of polymer
solutions in toluene.

Mabsorbance) Mny On

PProDOT(CH,OC(O) 535 604,656 0.24
CeH13)2
PProDOT(CH,0C3HOC 538 602, 652 0.30
(0)CsH41)2
ProDOT(CH,OCH,C 531 595, 645 0.32
(CH53)(CH,OC(O)
CsH11)2)2

Example 10

[0057] Ester substituted PProDOTs were spray cast onto ITO coated glass slides from toluene solutions, dried under
vacuum, and then submersed in a 0.1 M KOH methanol solution and heated at 60 °C for 1 hour to remove the ester
groups. The solution turns light pink after half an hour of heating in the case of PProDOT(CH,0OC3;H;OC(O)CsH4), and
PProDOT(CH,OCH,C(CH3)(CH,OC(O)CsH44),),. indicating slight solubility of the hydrolyzed polymer, while PProDOT
(CH,0C(0)CgH43), did not discolor the solution. The treated films of all polymers were insoluble in non-polar solvents,
ethyl acetate, and water. In the cases of PProDOT(CH,OC(O)CgH;3), and PProDOT(CH,0C3;HgOC(O)CsH44),, the
polymer films arc blue-purple which stay the same perceivable color after mcthanolysis of the esters, with a band gap
of 1.8 eV. In contrast, PProDOT(CH,OCH,C(CH3)(CH,OC(O)CsH,),), solutions spray cast to form films of burgundy
color that have a higher band gap than all other polymers at 2.0 eV with a A, of 541 nm. (a). Fig. 7 shows the electronic
spectra of the spray cast PProDOT(CH,OCH,C(CH5)(CH,OC(O)CsH44),), film and PProDOT(CH,OCH,C(CHs3)
(CH,0H),),. After methanolysis, the film changes color to a blue-purple with a slightly lower band-gap of 1.95 eV and
exhibits two peaks at 595 and 556 nm, a considerable red shift in comparison to the ester substituted polymer spectrum.
The film is then cooled, washed with methanol, and vacuum dried at 50 ° C. The color change suggests that the esters
decrease the effective conjugation length of the polymer due to the steric bulk. This is relieved upon removal of the ester,
resulting in a smaller band gap (1.95 cV), a red shift of the electronic spectrum, and a different perceivable color.

Example 11

[0058] The insoluble alcohol substituted polymers were characterized by IR spectroscopy. Fig.8 compares the IR
spectra of ester and alcohol substituted ProDOTs along with the polymers. The esters exhibit a strong absorbance at
1740 cm,"! corresponding to the carbonyl stretch. This peak disappears upon saponification while an OH stretch at 3350
cm-! appears, indicating the esters are fully converted to alcohols in the solid state. Little changes in the IR spectra are
observed between the ester and alcohol substituted polymer and monomer with the exception of the disappearance of
a peak at 3110 cm-, corresponding to the C-H stretch of the thiophene ring. This is further evidence of a substantial
molecular weight.

Example 12

[0059] Spray cast films were saponified and the resulting alcohol substituted PProDOT films were also characterized.
PProDOT(CH,0OC(O)CgH43),, PProDOT(CH,OCH,C(CH3)(CH,OC(O)CgH44)5),, and PProDOT(CH,OCH,C(CHg)
(CH,OH),), could be reversibly switched between the oxidized and neutral state while the oxidized state of PProDOT
(CH,OC3HgOC(0O)CsH44)2, PProDOT(CH,OC3HgOH),, and PProDOT(CH,OCH,C(CH3)(CH,OC(O)CgsH1)5),, dis-
solve in water, propylenecarbonate, and acetonitrile, and therefore were not studied. The solubility of the oxidized form
of ester and alcohol substituted polymers coupled with the insolubility in nonpolar solvents can be advantageous for the
processing of hole transport layers in the fabrication of electronic devices such as polymer light emitting diodes and
photovoltaic devices.

[0060] PProDOT(CH,OC(O)CgzH,3), films were formed by either potentiostatic electrodeposition at 1.2 V or by spray
casting from toluene solution. The E,, for both types of films was found to be approximately 0.0 V, switching the color
from blue-purple to transmissive. The films were then treated by submersion in 0.1 M KOH in methanol and heated at
60 °C for 1 hour. After cooling, washing the films in methanol, and drying over a stream of argon, the films were examined
by cyclic voltammetry, as seen in Fig. 9 and the relative luminance percent is superimposed on the current response to
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analyze the relationship between the color change and the current response. The films switch between a colored dark
blue neutral state to a transmissive oxidized state with a change in relative luminance of (A%Y) of 42%. The onset of
color change occurs at an unusually low potential of -0.6 V, much lower than the analogous ester polymer or other
PProDOTs (see section 5.3.1). This is an indication of the large range of chemical environments and effective conjugation
lengths influenced by the diol substituents. The redox process is broad, making the E,,, assignment difficult.

Example 13

[0061] Spectroelectrochemistry was performed, as seenin Fig.10, on a spray cast film of PProDOT(CH,OC(O)CgH43),
as well as a film of PProDOT(CH,0OH), to study how the saponification process affects the electronic properties of the
resulting polymer. Little change is observed between the two polymers. The neutral polymers both have band-gaps of
1.8 eV with A, of 567 nm and similar fine structure. Upon oxidation, the alcohol substituted polymer begins to change
color at potentials 300 mV lower than the ester substituted polymer. This was consistent with the luminance and cy-
clovaltammetry studies performed and seen in Fig. 9, where the onset of current response and color change occurs at
remarkably low potentials.

Example 14

[0062] Switching studies were performed on ester and alcohol substituted PProDOT films at the A, of the polymer
and measurements are listed in Table 4. Contrast ratios of PProDOT(CH,OC(O)CgH,3), and PProDOT(CH,OH), were
approximately 60% and switching times were under a second. The composite coloration efficiency (CE) of the ester
polymer was substantially higher than the alcohol polymer, which is consistent with other work which determined that
increasing the size of the substituent groups on PProDOTs increases the composite coloration efficiencies by two to
three times. ProDOT(CH,OCH,C(CH3)(CH,OC(O)CsH44),), also has a high coloration efficiency even though the switch-
ing time is much slower. The contrast ratio is lower, typically seen when the n-n* is broad. All films could be switched
over 20 times without substantial loss of electroactivity and contrast between states.

Table 4 Electrochromic properties of ester and alcohol substituted PProDOTSs.

%AT t(s) CE
PProDOT(CH,C(O)OCgH13), 63 0.8 660
PProDOT(CH,OH), 57 0.9 396
PProDOT(CH,OCH,C(CHZ)(CH,OC(O)CsH11)2)2 48 3.6 703

Example 15

[0063] The alcohol substituted PProDOTs were studied as hole transport layers in light emitting diodes with MEH-
PPV as the emitting polymer. First, the ester substituted PProDOTs were spin-cast on ITO coated glass slides followed
by defunctionalization with KOH in methanol, washed with methanol, and vacuum dried for two hours at 55 °C. Then
the emitting polymer, MFH-PPV, was spin cast on top of the insoluble alcohol substituted PProDOT film and the devices
were characterized, as shown in Fig. 11. An external quantum efficiency of 0.05% was achieved for thin films of PProDOT
(CH,OCH,C(CH3)(CH,0H),), at 6V where the current flow is 180 mA/cmZ2. Luminance was found to increase with
increasing voltage and reached a maximum value of 650 cd/m2 at 10V. These initial results show that PProDOT
(CH,OCH,C(CH3)(CH,0H),), can be a potential candidate as a hole transport layer in PLEDs. All three alcohol substi-
tuted PProDOTs were tested in this manner and compared to PEDOT-PSS. All devices gave similar values with luminance
reaching maximum values of 30-40 cd/m?2 and external quantum efficiencies of 0.3%. This provides proof of concept
that these films can be used as hole transport layers in polymer light emitting diodes and they have been shown to work
as well as PEDOT-PSS by direct comparison.

Example 16

[0064] The synthesis of 3,3-Bis(2,2-methylene(dodecyl-carboxylate))-3,4-dihydro-2H-thieno[3,4-b][1,4]-dioxepine
[ProDOT(CH,CO,C45H,5),] was carried out in three steps form 3,3-Bis(bromomethyl)-3,4-dihydro-2 H-thieno[3,4-b][1,4]
dioxepine (ProDOT(CH,Br),) as illustrated in Fig. 12.

[0065] In the first step, ProDOT(CH,Br), (6 g, 17.5 mmol) and Sodium Cyanide (2.6 g, 52.6 mmol) were charged into
a 250 mL 3-necked flask equipped with a condenser under Argon atmosphere. Anhydrous DMF (50 mL) was then
cannula transferred to the flask and the mixture was stirred at 115°C for 24h. After cooling to room temperature, the
reaction mixture was poured into water (200mL) and extracted three times with dichloromethane (380 mL), the organic
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phase was washed with water three times (350 mL) and dried over Mg,SO,. Dichloromethane was removed by rotary
evaporation and the resulting yellow oil was charged in a normal phase silica chromatography column employing dichlo-
romethane/petroleum ether (4:0.5) as eluent. After removal of the solvent, the product 3,3-Bis(cyanomethyl)-3,4-dihydro-
2H-thicno[3,4-b][1,4]-dioxepine ProDOT(CH,CN), was redissolved in ethanol and obtained as a white crystalline solid
after a rotary evaporation of the cluent mixture in 56 percent yield.

[0066] Inthe second step, ProDOT(CH,CN), (50 mg, 0.183 mmol) was charged into a 250 mL 3-necked flask equipped
with a condenser. A solution of sodium hydroxide (2M in Water/Ethylene Glycol (1:1)) was poured into the flask and the
mixture was stirred at 107 °C for 12 hours. After cooling to room temperature, a solution of HCI (0.5M in Water) was
used to set the mixture to a pH~3-4. The mixture was then extracted three times with ether (3X40 mL), the organic
phase was washed with water three times (330 mL) and dried over Mg,SO,. Ether was removed by rotary evaporation
and the resulting yellow oil was charged in a normal phase silica chromatography column employing pure ethyl acetate
as the eluent. After removal of ethyl acetate the product ProDOT(CH,CO,H), is isolated as solid.

[0067] The ProDOT(CH,CO,C,,H,s5), was formed by the condensation of ProDOT(CH,CO,H), (0.500 g 1.78 mmol)
with 1-dodecanol (1.37 g, 7.35 mmole) using 1-ethyl-3-(3’dimethylaminopropyl)carbodiimide (2.1 g) and dimethylami-
nopyridine (1.34 g) in dry dichloromethane (50 mL) at room temperature for 3 hours. The product ProDOT
(CH,CO,C45Hy5), was isolated by normal phase silica chromatography by eluting with hexane/ethylacetate (6:1) to
recover ProDOT(CH,CO,C4,H,5), in 98 percent yield (1.1 g, 1.74 mmole).

Example 17

[0068] Spectroelectrochemistry was performed, as seen in Fig. 13, on electrochemically polymerized ProDOT
(CH,CO,C45H55), and ProDOT(CH,CO,H), to yield films of PProDOT(CH,CO,C45H55), and PProDOT(CH,CO,H),,
respectively. Little difference is observed between the two polymers. The neutral polymers both have band-gaps of 1.8
eV with A, of about 572 nm and similar fine structure with the exception that a second maximum for the neutral
PProDOT(CH,CO,C4,H55), at about 620 nm is observed as a weak shoulder in the spectrum of the neutral PProDOT
(CH,CO,H),.

[0069] It is to be understood that while the invention has been described in conjunction with the preferred specific
embodiments thereof, that the foregoing description as well as the examples which follow are intended to illustrate and
not limit the scope of the invention. Other aspects, advantages and modifications within the scope of the invention will
be apparent to those skilled in the art to which the invention pertains.

Specific Embodiments

[0070] A method for preparing a defunctionalized alkylenedioxyheterocycle polymer or copolymer comprises the steps
of:

providing a polycarboxylic acid derivative functionalized alkylenedioxyheterocycle polymer or copolymer with a
degree of polymerization from 10 to 1,000, the fraction of polycarboxylic acid derivative functionalized alkylenedi-
oxyheterocycle units is 0.1 to 1.0, and wherein one or more co-repeating units are derived from monomers selected
from the group consisting ofthiophene, bithiophene, terthiophene, 3-methylthiophene, 3-alkylthiophene (alkyl = C2
to C20), 3-methoxythiophene, 3-alkoxythiophene (alkoxy = C2 to C20), 3,4-ethylenedioxythiophene, 3,4-propylen-
edioxythiophene, 3,4-butylenedioxythiophene, pyrrole, bipyrrole, 3-methylpyrrole, 3-alkylpyrrole (alkyl = C2 to C20),
3-methoxypyrrole, 3-alkoxypyrrole(alkoxy = C2 to C20), 3,4-ethylenedioxypyrrole, 3,4-propylenedioxypyrrole, 3,4-
butylenedioxypyrrole, N-methylpyrrole, N-alkylpyrrole (alkyl = C2 to C20), N-methyl-3,4-ethylenedioxypyrrole, N-
alkyl-3,4-ethylenedioxypyrrole (alkyl = C2 to C20), N-methyl-3,4-propylenedioxypyrrole, N-alkyl-3,4-propylenediox-
ypyrrole (alkyl = C2 to C20), carbazole, N-methylcarbazole, and N-alkylcarbazole (alkyl = C2 to C20); and
transforming the polycarboxylic acid derivative functionalized alkylenedioxyheterocycle polymer or copolymer into
a defunctionalized alkylenedioxyheterocycle polymer or copolymer comprising a polyhydroxy, polythiol, polyamino,
or polycarboxylic acid functionalized alkylenedioxyheterocycle polymer or copolymer with a degree of polymerization
from 10 to 1,000, the fraction of polycarboxylic acid derivative functionalized alkylenedioxyheterocycle units is 0.1
to 1.0, and wherein one or more co-repeating units are derived from the monomers selected from the group consisting
of thiophene, bithiophene, terthiophene, 3-methylthiophene, 3-alkylthiophene (alkyl = C2 to C20), 3-methoxythi-
ophene, 3-alkoxythiophene (alkoxy = C2 to C20), 3,4-ethylenedioxythiophene, 3,4-propylenedioxythiophene, 3,4-
butylenedioxythiophene, pyrrole, bipyrrole, 3-methylpyrrole, 3-alkylpyrrolc (alkyl = C2 to C20), 3-methoxypyrrole, 3-
alkoxypyrrole(alkoxy = C2 to C20), 3,4-ethylenedioxypyrrole, 3,4-propylenedioxypyrrole, 3,4-butylenedioxypyrrole,
N-methylpyrrole, N-alkylpyrrole (alkyl = C2 to C20), N-mcthyl-3,4-ethylenedioxypyrrole, N-alkyl-3,4-ethylenediox-
ypyrrole (alkyl = C2 to C20), N-methyl-3,4-propylenedioxypyrrole, N-alkyl-3,4-propylenedioxypyrrole (alkyl = C2 to
C20), carbazole, N-methylcarbazole, and N-alkylcarbazole (alkyl = C2 to C20).
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[0071] In an embodiment, the polycarboxylic acid derivative functionalized alkylenedioxyheterocycle repeating units

of the polymer or copolymer comprises:
R RR R
thx\f;a
g%

ng

whereinxis 0to 3; Xis S, O, or NR™; and Ris independently H, -(CH,) ,-YC(O)R’, -(CH,) ,-C(O)YR’, -(CH,),-O-(CH,), YC
(O)R’, ~(CH2)y-O~(OH,),C(O)YR, ~(CH2)y-OCH,(CHy) [(CH2), YC(O)R 5, 0F ~(CHy)y"OCH,(CHg),[(CH,),C(O)
YR’]5, where at least two R groups are -(CH,),-YC(O)R’, -(CH,),-C(O)YR’, -(CH,),-O-(CH,),YC(O)R’,
~(CH3)m-0-(CH,),C(O)YR', -(CHy),,-OCH,(CH3),[(CHy),, YC(O)R']3_,, or -(CH5),,-OCH,(CH3),[(CH,),,C(O)YR']5_,; mis
1t08;yis0to2;zis0to2;y+zis0to2;wis1t08;vis2t0 8; Yis O, S, or NR", R’ is a straight chained, branched
chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, R" is a straight chained, branched chain, cyclic or
substituted cyclic alkyl group of 1 to 6 carbons, and R" is H, straight chained, branched chain, cyclic or substituted cyclic
alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl, CH,C(O)OR™, or CH,OC(O)R™ where R™ is H, straight chained,
branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, or alkylaryl.

[0072] In an embodiment, the polycarboxylic acid derivative functionalized alkylenedioxyheterocycle repeating units
of the polymer or copolymer comprises:

Y

wherein R is -(CH,),-YC(O)R’, -(CH,),-C(O)YR’, -(CH,),-O-(CH,),YC(O)R’, -(CH,),,-O-(CH,),C(O)YR’,
~(CH3)m-OCH,(CH3),[(CH,),, YC(O)R3.,, or -(CH,),-OCH,(CHj3),[(CH,),,C(O)YR]3,;; mis 1to 8;yis 0to 2; zis 0 to
2;y+zis0to2; wis1t0 8; vis 2t0 8; Yis O, S, or NR", R’ is a straight chained, branched chain, cyclic or substituted
cyclic alkyl group of 1 to 12 carbons and R" is a straight chained, branched chain, cyclic or substituted cyclic alkyl group
of 1 to 6 carbons.

[0073] In an embodiment, the polycarboxylic acid derivative functionalized alkylenedioxyheterocycle polymer or co-
polymer is provided in a solvent.

[0074] Inan embodiment, the solvent comprises at least one solvent selected from the group consisting of chloroform,
methylene chloride, ethyl acetate, toluene, and tetrahydrofuran.

[0075] In an embodiment, a method described above further comprises: a step of removing the solvent.

[0076] In an embodiment, the removing is carried out at a temperature of less than or equal to 100°C.

[0077] In an embodiment, the removing is carried out at a pressure of one atmosphere or less.

[0078] Inanembodiment, the transforming reaction occurs thermally, photochemically, or by the addition of a cleaving
reagent.

[0079] In an embodiment, the cleaving reagent is water or an alcohol.

[0080] In an embodiment, a catalyst is included to promote the transforming reaction.

[0081] In an embodiment, the catalyst is an alkali metal hydroxide.

[0082] In an embodiment, the cleaving reagent is introduced in a second solvent that does not dissolve the polycar-
boxylic acid derivative functionalized alkylenedioxyheterocycle polymer or copolymer.

[0083] In an embodiment, the second solvent is water, methanol or ethanol.

[0084] In an embodiment, the defunctionalized alkylenedioxyheterocycle polymer or copolymer is subsequently ex-
tracted with a solvent.

[0085] In an embodiment, the polyhydroxy, polythiol, polyamino, or polycarboxylic acid functionalized alkylenedioxy-
heterocycle polymer or copolymer is subsequently heated to a second temperature at a second pressure to substantially
remove impurities resulting from the cleaving step.

[0086] In an embodiment, the second temperature is less than or equal to 100°C.

[0087] In an embodiment, the second pressure is less than or equal to 1 atmosphere.
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[0088] In an embodiment, the defunctionalized alkylenedioxyheterocycle repeating units comprises:

R%R
gt

wherein x is 0 to 3; X is S, O, or NR"; and R is independently H, -(CH,),-Z, -(CH,),-O-(CH,),Z, or -(CH,),-OCH,[
(CH2)wZl3., where at least two R groups are -(CHy),-Z, -(CHy)p-O-(CH,),Z, or -(CHy),,-OCH,(CH3),[(CHy), Zl3.y.; M
is1t08;yisO0to2;zis0to2;y+zis0to2;wis 1to8;vis2to8, and Zis OH, NHR’, SH, or C(O)OH; and R" is H,
straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl, CH,C
(O)OR™, or CH,OC(O)R"" where R™ is H, straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1
to 12 carbons, aryl, benzyl, or alkylaryl.

the defunctionalized alkylenedioxyheterocycle repeating units comprises:

R R

D!

Q

S

wherein R is -(CHj),-Z, -(CHy),,-O-(CH,),Z, or -(CH,),,-OCH,[(CH,)Z]5.,. mis 1t0 8;yis 0to 2; zis O to 2; y+z is 0
to2; wis 1t0 8; vis2to 8, and Z is OH, NHR’, SH, or C(O)OH.

[0089] A polycarboxylic acid derivative functionalized alkylenedioxyheterocycle polymer or copolymer comprises sin-
gularly or in combination polycarboxylic acid derivative functionalized alkylenedioxyheterocycle repeating units of the

structure:
R R R R
wa\ﬁn
by ¥

whereinxis 0to 3; Xis S, O, or NR™; and Ris independently H, -(CH,) ,-YC(O)R’, -(CH,) ,-C(O)YR’, -(CH,),-O-(CH,), YC
(O)R’, ~(CH2)-O~(CH),C(O)YR', ~(CHy);y"OCH,(CHy),[(CH,),, YC(O)R 5, 0F ~(CHy)y"OCH,(CHg),[(CH,),C(O)
YR’]3, where at least two R groups are -(CH,),-YC(O)R’, -(CH,),-C(O)YR’, -(CH,),-O-(CH,),YC(O)R’,
~(CH3)m-0-(CH,),C(O)YR', -(CHy),,-OCH,(CH3),[(CHy),, YC(O)R']3_,, or- (CH,),,-OCH,(CH3),[(CH,),,C(O)YR']5_,; mis
1t08;yis0to2;zis0to2;y+zisOto2;wis1t08;vis2t0 8; Yis O, S, or NR", R’ is a straight chained, branched
chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, R" is a straight chained, branched chain, cyclic or
substituted cyclic alkyl group of 1 to 6 carbons, and R" is H, straight chained, branched chain, cyclic or substituted cyclic
alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl, CH,C(O)OR™, or CH,OC(O)R™ where R™ is H, straight chained,
branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, or alkylaryl; and

one or more heterocyclic repeating units derived from the monomers selected from the group consisting of thiophene,
bithiophene, terthiophene, 3-methylthiophene, 3-alkylthiophene (alkyl = C2 to C20), 3-methoxythiophene, 3-alkoxythi-
ophene (alkoxy = C2 to C20), 3,4-ethylenedioxythiophene, 3,4-propylenedioxythiophene, 3,4-butylenedioxythiophene,
pyrrole, bipyrrole, 3-methylpyrrole, 3-alkylpyrrole (alkyl = C2 to C20), 3-methoxypyrrole, 3-alkoxypyrrole(alkoxy = C2 to
C20), 3,4-ethylenedioxypyrrole, 3,4-propylenedioxypyrrole, 3,4-butylenedioxypyrrole, N-methylpyrrole, N-alkylpyrrole
(alkyl = C2 to C20), N-methyl-3,4-ethylenedioxypyrrole, N-alkyl-3,4-ethylenedioxypyrrole (alkyl = C2 to C20), N-methyl-
3,4-propylenedioxypyrrole, N-alkyl-3,4-propylenedioxypyrrole (alkyl = C2 to C20), carbazole, N-methylcarbazole, and
N-alkylcarbazole (alkyl = C2 to C20),

wherein the degree of polymerization of the copolymer is 10 to 1,000 and the fraction of polycarboxylic acid derivative
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functionalized alkylenedioxyheterocycle repeating units is 0.1 1 to 1.0.

[0090]

In an embodiment, the polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle) comprises

O
0
o o

wherein n is 10 to 1,000.

[0091]

In an embodiment, the polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle) comprises

wherein nis 10 to 1,000.

[0092]

In an embodiment, said polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle) comprises

0 O

/\/\/Lo OJ\/\/\
/\/\/ﬁ’\o_b( %_0)1/\/\

O O

Nt

S

wherein n is 10 to 1,000.

[0093]

In an embodiment, said polycarboxylic acid derivative functionalized poly(alkylenedioxyheterocycle) comprises
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Uf‘\ 3t:ll\()
0/<
wherein n is 10 to 1,000.

[0094] 26. A polyhydroxy, polythiol, polyamino, or polycarboxylic acid functionalized alkylenedioxyheterocycle polymer
or copolymer comprises: singularly or in combination polyhydroxy, polythiol, polyamino, or polycarboxylic acid function-
alized alkylenedioxyheterocycle repeating units of the structure:

@

wherein x is 0 to 3; X is S, O, or NR"; and R is independently H, -(CH,),-Z, -(CH,),-O-(CH,),Z, or -(CH,),-OCH,[
(CHy)yZ]3., where at least two R groups are -(CHy),-Z, -(CHy),-O-(CHy)\Z, or -(CHy),-OCH,(CH3)y[(CH3)yZ]3.y7; M
is1to8;yis0to2;zis0to2;y+zis0to2;wis 1to8;vis2to8, and Zis OH, NHR’, SH, or C(O)OH; and R" is H,
straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl, CH,C
(O)OH or CH,0OH and

one or more heterocyclic repeating units derived from the monomers selected from the group consisting of thiophene,
bithiophene, terthiophene, 3-methylthiophene, 3-alkylthiophene (alkyl = C2 to C20), 3-methoxythiophene, 3-alkoxythi-
ophene (alkoxy = C2 to C20), 3,4-ethylenedioxythiophene, 3,4-propylenedioxythiophene, 3,4-butylenedioxythiophene,
pyrrole, bipyrrole, 3-methylpyrrole, 3-alkylpyrrole (alkyl = C2 to C20), 3-methoxypyrrole, 3-alkoxypyrrole(alkoxy = C2 to
C20), 3,4-ethylenedioxypyrrole, 3,4-propylenedioxypyrrole, 3,4-butylenedioxypyrrole, N-methylpyrrole, N-alkylpyrrole
(alkyl = C2 to C20), N-methyl-3,4-ethylenedioxypyrrole, N-alkyl-3,4-ethylenedioxypyrrole (alkyl = C2 to C20), N-methyl-
3,4-propylenedioxypyrrole, N-alkyl-3,4-propylenedioxypyrrole (alkyl = C2 to C20), carbazole, N-methylcarbazole, and
N-alkylcarbazole (alkyl = C2 to C20),

wherein the degree of polymerization of the copolymer is 10 to 1,000 and the fraction of polycarboxylic acid derivative
functionalized alkylenedioxyheterocycle repeating units is 0.1 to 1.0.

[0095] In an embodiment, said polyhydroxy, polythiol, polyamino, or polycarboxylic acid functionalized poly(alkylen-
edioxyheterocycle) comprises

OH OH

S

S

wherein n is 10 to 1,000.
[0096] In an embodiment, said polyhydroxy, polythiol, polyamino, or polycarboxylic acid functionalized poly(alkylen-
edioxyheterocycle) comprises
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H 0/\//\ o O/\\/\OH

L S

s

wherein n is 10 to 1,000.
[0097] In an embodiment, said polyhydroxy, polythiol, polyamino, or polycarboxylic acid functionalized poly(alkylen-

edioxyheterocycle) comprises
H o o OH
: : n

S

wherein n is 10 to 1,000.
[0098] In an embodiment, said polyhydroxy, polythiol, polyamino, or polycarboxylic acid functionalized poly(alkylen-

edioxyheterocycle) comprises
o 0O
J%&
O
L

wherein n is 10 to 1,000.
[0099] 31. A monomer for the preparation of polycarboxylic acid derivative functionalized poly(alkylenedioxyhetero-

cycle) comprises
R R R R

Euh

L*\m‘ L
X

where xis 0 to 3; X is S, O, or NR"; Lis H, I, Br, ClI, OC(O)CF5, or B(OR™), where R"™ is H, methyl, ethyl or the two
R™ groups are combined as terminal ends of an ethylene or propylene unit; and R is independently H, -(CH,),-YC(O)
R’,-(CH3)m-C(O)YR', -(CH;)-0-(CHy), YC(O)R', -(CH3)y-O-(CH3), C(O)YR', -(CHy)p,-OCH,(CH3), [(CH3), YC(O)R T3,
or «(CHy)m-OCH,(CH3),[(CH,),C(O)YR]3, where at least two R groups arc -(CH,),,-YC(O)R’, -(CH,),,-C(O)YR,
~«(CH)y-0-(CH,),YC(O)R', -(CH,),-0-(CH,),C(0)YR', -(CH,),,-OCH,(CHj),[(CH,),,YC(O)R']l3,, or -(CH)n,,-OCH,
(CH3)y[(CH2)WC(O)YR‘]3_Z; mis1t08;yis0to2;zis0to2;y+zis0to2;wis1to8;vis2t08;YisO, S, or NR", R’
is a straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, R" is a straight chained,
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branched chain, cyclic or substituted cyclic alkyl group of 1 to 6 carbons, and R™ is H, straight chained, branched chain,
cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl, CH,C(O)OR"", or CH,OC(O)R™ where
R"™ is H, straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, or
alkylaryl.

Claims

1.

A monomer comprising:

R R
R R
R x R
0} O
L / \ L
X

where xis 0 to 3; Xis S, O, or NR™; L is H, I, Br, Cl, OC(O)CF3, or B(OR™), where R™ is H, methyl, ethyl or the
two R™"” groups are combined as terminal ends of an ethylene or propylene unit; and Ris independently H, -(CH,) ,-YC
(O)R’, «(CH2);"C(O)YR’, ~(CHy);y"O~(CHy), YC(O)R', (CHp)y-0~(CHy),C(O)YR', ~(CHy),-OCH,(CH3), [(CHy),,YC
(O)R’]5_5, or -(CHz)m-OCHZ(CH3)y[(CHZ)WC(O)YR’]3_Z where at least two R groups are -(CH,),,-YC(O)R’, -(CH,),-C
(O)YR', +(CHy)-0-(CHy),YC(O)R', ~(CHy)y-O-(CH,),C(O)YR', ~(CHy);y-OCH,(CHa),[(CH) YC(O)R 55, or
~(CH2)m-OCH,(CH3),[(CH,),C(O)YR]3 ,; mis 110 8;yis0to 2, zis O to 2; y+zisOto 2, wis 1to 8; vis 2to 8; Y
is O, S, or NR", R’ is a straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons,
R" is a straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 6 carbons, and R™ is H,
straight chained, branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons, aryl, benzyl, alkylaryl,
CH,C(O)OR™, or CH,OC(O)R™ where R™ is H, straight chained, branched chain, cyclic or substituted cyclic alkyl
group of | to 12 carbons, aryl, benzyl, or alkylaryl.

The monomer of claim 1, wherein the monomer comprises:

R R

wherein L is H, I, Br, Cl, OC(O)CF3, or B(OR™), where R™ is H, methyl, ethyl or the two R™ groups are combined
as terminal ends of an ethylene or propylene unit; R is -(CH,),,-YC(O)R', -(CH,),,-C(O)YR’, -(CH,),,-O-(CH,),YC
(O)R’, -(CH3)y-0-(CH,),C(O)YR', -(CHy)-OCH,(CH3),[(CH5),, YC(O)RT3_,, or -CHy),,-OCH,(CHj3),[(CH,),,C(O)
YR]3,;mis1to8;yisO0to2;zis0to2;y+zis0Oto2; wis 1t0 8;vis2t0 8; Y is O, S, or NR", R’ a straight chained,
branched chain, cyclic or substituted cyclic alkyl group of 1 to 12 carbons and R" is a straight chained, branched
chain, cyclic or substituted cyclic alkyl group of 1 to 6 carbons.

The monomer of claim 1, wherein the monomer comprises:
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R R

wherein R is -(CH,),,-YC(O)R’, -(CH,),,-C(O)YR’, -(CH,),-O-(CH,),YC(O)R’, -(CH,),,-O-(CH,),C(O)YR’,
~(CH3)m-OCH,(CH3),[(CH,),, YC(O)R]3 5, or «(CHy),-OCH,(CH3),[(CH5),,C(O)YR]3,; mis 1to 8;yis 0to 2; z is
Oto2;y+zisOto2;wis1t08;vis2to8;Yis O, S, or NR", R is a straight chained, branched chain, cyclic or
substituted cyclic alkyl group of 1 to 12 carbons and R" is a straight chained, branched chain, cyclic or substituted
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cyclic alkyl group of 1 to 6 carbons.

The monomer of claim 1, wherein the monomer is:
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